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FOREWORD 

The  research  reported  herein  is  directed  toward 
the  reduction  of  rain  erosion  in  high  speed  vehicles.  It’s 
being  sponsored  by  the  Department  of  the  Navy's  Office 
of  Naval  Research  and  Bureau  of  Naval  Weapons  under 
Contract  Nonr  3684(00).  Scientific  Officer  for  ONR  Air 
Programs  is  Lt.  Cmdr.  Stuart  D.  Kearney;  and  for  BuWeps 
Missile  Division,  Mr.  James  M.  Lee. 

This  is  an  interim  report  covering  the  first  year's 
activity  under  a  planned  two-year  program. 

MITHRAS,  for  itself,  and  on  behalf  of  its  sponsor, 
the  Navy,  expresses  its  appreciation  to  Professor  Edward 
S.  Taylor  of  the  Massachusetts  Institute  of  Technology  for 
generously  making  available  the  facilities  and  excellent 
support  of  the  Gas  Turbine  Laboratory.  Use  of  these 
facilities  resulted  in  substantial  savings  of  time  and  money 
and  helped  to  hasten  the  day  when  the  product  of  this  re¬ 
search  can  be  applied  to  our  country's  weapons. 
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1.  SUMMARY 

''^Both  theoretical  and  experimental  data  indicate  that  a  properly 
designed  flow-separating  spike,  mounted  in  front  of  a  radome,  wi]’ 
produce  a  •'^ead  air"^region  of  sufficient  depth  to  cause  breakup  of  on¬ 
coming  raindrops  and  thereby  significantly  reduce  the  erosion  damage 
to  the  radome.  Equations,  based  on  the  experimentally  observed  breakup 
process  of  water  drops,  have  been  d  eveloped  to  predict  the  drop  breakup 
distance  and  drop  breakup  time. 


;^An  erosion  simulation  system  has  been  designed  and  the  water 
injection  and  photographic  sub- systems  have  been  used  in  a  number  of 
tests  conducted  in  a  Mach  2  airstream.  These  tests  have  indicated  the 
utility  of  flow  separation  devices  in  shattering  raindrops  and  show  chat 
protection,  ranging  from  fair  to  excellent,  will  be  afforded  the  radome 
the  use  of  such  devices.^ 


by 
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2.  INTRODUCTION 

Raindrop  impingement  on  radomes  of  operational  missiles  anl 
aircraft  traveling  at  speeds  in  excess  of  M  =  0,7  5  causes  rapid  pitting 
and  eroding  of  the  domes,  thus  seriously  rescricting  the  operational  use 
oi  these  vehicles  in  bad  weather.  Moreover,  when  erosion  does  occur, 
it  affects  not  only  the  structural  integrity  of  the  dome  but  also  its  radar 
transmission  characteristics.  All  known  materials  show  rain  erosion 
damage  if  exposed  for  a  sufficiently  long  period  of  time  at  Mach  numbers 
in  excess  of  0.75,  and  this  is  especially  true  of  the  glass  reinforced 
plastic  laminates  cur  rently  used  in  aircraft  and  missile  radomes.  These 
cannot  withstand  more  than  a  few  minutes  of  one-inch-per-hour  rainfall 
at  500  mph  and  drasticd.lly  less  at  higher  velocities. 

Although  a  substantial  amount  of  experimental  data  has  been  col¬ 
lected  on  rain  erosion  at  subsonic  velocities,  data  on  supersonic  erosion 
phenomena  is  virtually  non-existent,  primarily  because  of  a  dearth  of 
suitable  facilities.  Sled  tests  have  oeen  used  in  an  attempt  to  study 
erosion  at  supersonic  speeds  but  these  teste  are  unreliable  and  far  too  ex¬ 
pensive.  Problems  of  vibration  and  sled  design  are  extremely  severe,  and 
data  collection  is  difficult  at  best.  In  recent  years  several  limited  studies 
have  been  made  of  the  raindrop  breakup  process  in  high  speed  flows  bu,. 
these  have  been  complicated  by  an  inability  to  create  actual  raindrops  in 
supersonic  flov.'s.  Without  developing  a  general  understanding  of  the 
phenomenon,  it  was  determined  that  under  certain  conditions  o''  reiattve 
velocity  between  air  and  drop,  the  drop  would  break  up  into  smaller  ^articles. 
It  was  also  known  that  the  amount  of  damage  resulting  from  particle  im¬ 
pingement  is  closely  relat  vl  to  the  si  5^?  of  the  psrticis. 

A.t  thi.^  stage  MITHRAS  proposed  to  the  Navy  a  solution  to  the  erosion 
problem  based  on  the  use  of  a  spike  projecting  from  the  nose  of  a  missile. 

A  properly  designed  nose  spike  will  produce  a  "dead  air”  region  immediately 
in  front  of  a  missile.  The  relative  velocity  of  this  dead  air  region,  it  was 

2  MC-6?-6-Rl 


CONFIDENTIAL 


CONFIDENTIAL 


proposed,  differed  enough  from  that  of  the  oncoming  air  and  raindrop  so 
as  to  induce  breakup  of  the.  raindrop  before  it  could  strike  the  rnaome. 

In  response  to  its  proposal,  MITHRAS  was  awarded,  in  late  1961, 
Contract  Nonr  3  684(00)  to  undertake  the  following: 

1.  An  experimental  and  analytical  determination  of 
the  behavior  of  water  drops  in  supersonic  air 
streams; 

2.  An  experimental  and  analytical  determination  of 
the  effects  of  water  drop  impact  on  radome 
materials;  and, 

3.  The  testing  and  evaluation  of  the  effectiveness 

of  a  flow  separating  spike  as  a  means  of  protectiag 
a  radome  against  raindrop  damage  or  destruction, 

This  was  visualized  as  a  two-year  program.  This  report  describes 
the  research  accomplished  during  the  first  year,  which  has  more  than 
achieved  its  intended  goal,  Recommendatiifiis  for  carrying  the  research 
forward  further  and  faster  than  originally  contemplated  will  be  made. 

At  the  start  of  the  program  it  was  obvious  that  an  essential  re¬ 
quirement  was  a  simple,  economical,  and  versatile  laboratory  facility  in 
which  to  create  and  break  up  raindrops.  For  this  purpose,  MITHRAS,  Inc., 
undertook  the  design  and  construction  of  a  rain  erosion  simulator. 

The  simulator  has  two  basic  components:  a  raindrop  injection 
system  which  will  produce  water  drops  of  controllable  size  at  the  desired 
frequency,  and  an  air  flow  system  which  can  produce  supersonic  air  f’ows 
of  the  desired  Mach  number,  density,  temperature,  etc.  In  combination 
these  produce  a  special  small  wind  tunnel  in  v/nich  desired  conditions  of 
rain  can  be  established  for  the  three  basic  tasks; 

1  The  study  of  raindrop  breakup 

2.  The  measurement  and  observation  of  the  actual 
effects  of  raindrop  impact  on  any  radome  material 

3.  The  development  of  protective  devices  to  minimize 
the  damage  caused  by  raindrop  impact 
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The  design  of  the  simulator  for  the  study  of  the  rain  erosion 
process,  material  testing,  drop  breakup  phenomenon,  and  erosi  a  allevi¬ 
ating  devices,  has  been  completed.  Much  of  the  equipment,  inc.luding  the 
photographic  and  water  injection  systems,  has  been  constructed  and  suc¬ 
cessfully  operated. 

A  number  of  tests  have  been  conducted  in  a  supersonic  airstream, 
at  Mach  2,  employing  the  water  injection  and  photographic  systems,  to 
determine  the  feasibility  of  utiliaing  flow  separation  techniques  for 
shattering  raindrops.  These  tests  show  that  raindrops  can  be  shattered 
by  this  technique  and  that  protection,  ganging  from  fair  to  excellent,  will 
be  afforded  the  radome. 

During  the  next  year  it  will  be  necessary  co  complete  and  refine 
the  test  apparatus.  The  speed  of  the  pliotographic  system  will  be  improved 
substantially;  and  a  decision  will  be  reached  as  to  the  desirability  of  con¬ 
tinuing  to  use  a  closed  return  air  stream  ,>r  whether  to  convert  to  an  open 
return.  Tests  and  analyses  will  then  proceed  as  rapidly  as  possible  on  all 
three  tasks. 

It  is  anticipated  that  the  research  during  this  second  year  will  provide 
a  firm  basis  for  the  intelligent  design  of  spiked  radomes  that  will  be  rela¬ 
tively  safe  from  the  effects  of  high  speed  flight  through  rain. 
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3.  REVIEW  OF  WORK  ON  THE 
RAIN  EROSION  PROBLEM 

With  the  advent  of  operational  supersonic  aircraft  and  mipsilesi 
the  problent  of  rain  erosion  has  assumed  far  greater  significance.  As 
the  importance  of  this  problem  began  to  be  recognised,  some  rudimentary 
attempts  were  made  to  study  the  nature  and  severity  n£  damage  produced 
on  typical  radome  materials.  These  studies  employed,  among  other 
methods,  sled  tests  through  simulated  rain  fields;  actual  flight  tests 
through  rainstorms;  whirling  arm  devices  that  traversed  simulated  rain 
fields;  the  firing  of  solid  pellets  (whii’h  'vere  supposed  to  simulate  water 
drops)  into  test  materials;  and  the  firing  of  solid  pellets  into  raindrops. 

Many  of  the  reports  referenced  in  the  following  pages  contain  in¬ 
formation  on  the  search  for  erosion  resistant  radome  materials  and  pro¬ 
tective  coatings  for  radomes.  At  best,  this  research  has  only  been  partially 
successful  and  the  need  for  erosion  resistant  materials  and  for  methods  of 
minimising  erosion  damage  is  still  of  the  utmost  urgency. 

Research  on  both  materials  and  methods  up  to  now  has  been 
further  complicated  by  a  very  incomplete  understanding  of  drop  behavior 
in  high  speed  air  streams,  and  in  fact  by  an  inability  to  generate  discrete, 
controllable,  drops  in  a  supersonic  stream. 

3.  I  Testing  Methods  for  Determining  Erosion  Damage 

Descriptions  of  the  various  Lest  methods  and  the  results  obtained, 
as  well  as  the  various  damage  mechanisxn  theories  expounded,  are  in¬ 
cluded  in  References  1  through  19.  The  usefulness  of  most  of  tl'.ese  test¬ 
ing  schemes  and  the  data  thereby  acquired  is  open  to  consid'^vable  doubt. 

For  example,  the  whirling  arm  device  cannot  attain  velocities  above  approx¬ 
imately  550  mph;  the  firing  of  solid  pellets  into  sample  target  materials 
has  never  been  shown  to  be  equivalent  to  liquid  drop  impacts  on  radomes; 
and  actual  flight  tests  of  aircraft  in  rain  are  txtieinely  unpopular  with  the 
pilots  performing  such  tests  because  of  the  substantial  risk  involved.  As 
a  result,  flight  tests  have  never  been  seriously  attempted  on  a  large  scale. 
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Despite  their  liiiiiiations,  these  various  tests  all  confirmed  the 
fact  that  radoiiies  were  highly  susceptible  to  rain  erosion  damii'c  and 
that  some  manner  of  protection  was  urgently  needed*  Various  new  ma¬ 
terials  have  been  developed  and  protective  coatings,  e.g. ,  neoprene,  h'’ve 
been  applied  to  typical  radomes.  In  some  cases,  minor  improvement  vas 
obtained  but  no  real  cure  to  the  problem  has  been  developed  by  this  ap¬ 
proach. 

The  damage  equations  formulated  for  target  pitting  by  earlier 
investigators  are  in  some  agreement  and  can  be  summarized  as 


where 

p  =  penetration  of  projectile  {solid  or  liquid) 
into  the  target 

d  =  diameter  of  projectile 

K,a,P  =  constants  dependent  upon  target  material 
and  projectile 

V  =  projectile  velocity 

C  =  speed  of  sound  in  target  material 

For  solid  projectiles  fired  into  solid  targets,  there  is  some 
evidence  that  a  and  jS  may  be  on  the  order  of  2/3.  Theoretical  con¬ 
siderations  can  also  lead  to  this  value  for  a  and  /3. 

Unfortunately  other  types  of  target  damage  such  as  spalling,  crack¬ 
ing,  and  delamination,  were  not  considered  in  detail  and,  to  this  author's 
knowledge,  no  equations  have  been  developed  to  predict  damage  ot  tnis 
sort. 

3.  2  Water  Drop  Breakup  in  Subsonic  and  Supersonic  Airstreaina 

Several  authors  have  studied  the  behavior  of  water  drops  in  regions 
of  high  velocity  air.  These  studies,  are  included  in  References  20  to  30. 
They  describe  a  number  of  ingenious  methods  for  obtaining  photographs  of 
the  drops  while  they  are  immersed  in  regions  of  high  subsonic  airflow. 
Unfortunately,  no  one  has  been  able  to  obtain  photographs  of  good  enough 
quality  to  show  clearly  the  drop  breakup  process  in  supersonic  airatreams. 
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Some  effort  has  been  made  to  deBcribei  with  reasonably  simple 
theoriesi  the  breakup  process  and  for  the  si'.bsonic  casci  these  ih  , Tories 
have  been  substantiated,  in  a  gross  sense,  by  the  experimental  data 
available.  For  the  supersonic  case,  the  experimental  data  is  so  limited 
that  no  substantiation  is  feasible. 

3.  3  Supersonic  Water  Jets 

For  a  careful  and  systematic  study  of  the  drop  breakup  process, 
and  of  tile  effects  of  erosion,  it  was  necessary  to  be  able  to  create  drops 
of  the  desired  size  and  velocity  in  a  supersonic  stream  of  air. 

In  order  to  obtain  drops  of  the  desired  size  and  velocity,  it  was 
determined  that  the  water  must  be  injected  into  the  supersonic  airatream 
in  the  form  of  a  thin  jet,  and  at  a  velocity  comparable  to  that  of  the  air- 
stream.  This  jet  quicldy  breaks  up  into  discrete  drops  of  controllable 
size  and  velocity. 

A  literature  search  disclosed  almost  no  work  in  the  area  of  high 
vel'^city  jet  behavior  in  supersonic  airatreams.  The  work  that  had  been 
done  (References  31  to  3  5)  was  primarily  concerned  with  atomization  of 
injected  fuels  and  oxidizers  into  combustion  chambers. 

What  information  was  available  indicated  that  the  proceOs  of  the  jet 
breakup  into  the  desired  drops  was  largely  controlled  by  the  relative  velocity 
between  the  jet  and  the  airstream  with  relatively  minor  effects  produced  by 
jet  orifice  geometry,  ambient  pressure,  and  absolute  jet  velocity.  Th’  size 
of  the  drops  produced  from  the  jet  could  be  related  to  this  relative  velocity 
and  in  turn  to  the  pressure  required  to  eject  the  water  at  the  desired 
velocity. 
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4.  MITHRAS'  SOLUTION  TO  THE 
RAIN  EROSION  PROBLEM 

While  a  general  understanding  of  the  physical  process  of  drop 
breakup  has  not  been  achieved,  several  oevti;,cnt  facts  have  been  un¬ 
covered  by  investigators. 

It  has  been  found  that,  for  a  given  drop  size,  there  is  a  critical 
relative  velocity  between  the  air  and  the  drop  above  which  drop  breakup 
occurs  and  below  which  no  breakup  occurs,  Figure  1,  replotted  from 
Ref.  29,  plots  the  critical  velocity  against  drop  size.  It  is  readily 
apparent  from  Fig,  1  that  for  the  veio.  ities  which  we  are  considering, 
i.e.,  supersonic  velocities,  drop  breakup  can  always  be  expected  to  occur. 
The  actual  breakup  process  is  apparently  dependent  upon  the  difference 
in  velocity  between  the  drop  and  the  air  and  does  not  appear  to  be 
di’-ectly  affected  by  the  shock  preceding  the  vehicle. 

Experimentally  it  has  been  determined  that  at  least  three  dif¬ 
ferent  breakup  processes  exist:  (1),  a  vibrational  mode  whereby  the  drop 
vibrates  with  an  increasing  amplitude  until  the  drop  shatters,  (2),  a 
process  in  which  the  drop  first  inflates  like  a  parachute  and  then  bursts  in 
the  center,  and,  (3),  a  stripping  action  whereby  liquid  is  stripped  off  the 
periphery  of  the  drop.  The  first  type  of  breakup  is  a  rather  slow  oiocese 
and  apparently  does  not  have  time  to  develop  if  the  relative  velocity  is 
very  high,  as  in  the  case  of  a  supersonic  relative  velocity. 

The  blowing-out  type  of  process  has  been  experimentally  observed 
and  has  been  considered  by  Gordon  In  Ref.  21.  Gordon  finds  thst  tor  a 
liquid  of  low  viscosity,  e.g.,  water,  the  time  for  drop  breakup,  assuming 
the  second  type  of  breakup,  is  given  by 


2D. 
_ 1 

V 


1/2 


(4.  1) 
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where 

=  "breakup  time" 

D.  =  initial  drop  diameter 

V  =  relative  velocity  between  drop  and  airsrream 
=  density  of  drop 
=  density  of  air 


Hinzci  in  Ref.  23 1  using  other  arguments  than  Gordoni  arrived  at 
the  following  relation 


where 


) 


,i/i 


crit 


(4.  2) 


6  =  deviation  from  the  spherical  shape  at  the 

stagnation  point 

the  subscript  indicates  the  value  at  which  drop 
breakup  first  occurs 


Hinze  finds  experimentally  that 


so  that 


(  K  ~  0.6B5 

'  D  'crit 


2D. 


t,  =  (0.33)  — -  (  — ) 

b  V  D  ' 


1/2 


(4,  ca) 


it  can  be  seen  that  Eqs.  (4.  1)  and  (4.  2a)  are  almost  identical. 
Either  equation  may  be  given  a  physicali  Uiough  artificial!  interpretation 
if  the  two  expressions  for  the  "breakup  time"  are  rewritten  as 


(4.3) 
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If  we  now  consider  the  drop  to  be  a  cylinder  of  water  of  diameter 
D;  and  length  f  with  pressure  Pa  =  2  Pa  ^  acting  on  the  cyli“ider  face 
(see  Fig.  2),  then  the  square  of  the  breakup  time  becomes  proportional 
to  the  mass  per  unit  length  of  tiie  fictitious  cylinder  and  inversely  pro*- 
portional  to  the  pressure  acting  on  the  cylinder  face.  The  question  of 
what  constant  of  proportionality  is  to  be  used  in  Eq.  (4.3),  or  which  of  the 
two  equations,  (4.1)  and  (4.  Za),  should  be  used,  ia  relatively  unimporta.il 
since  either  relation  will  give  results  that  are  of  the  same  order  of  mag¬ 
nitude.  Also,  the  question  of  what  precisely  is  meant  by  "breakup  time" 
has  not  been  answered.  Equation  (4.  1)  was  used  to  compute  "breakup 
times"  for  comparison  with  the  shock  tube  data  obtained  by  Engel  (Ref. 

20).  The  following  table  illustrates  the  results  obtained. 


Shock 

Mach 

Number 

Relative  air 
velocity  behind 
the  shock 

(experimental) 

tj^  (Eq.  4.1) 

1.  3 

498  £t/sec 

greater  than  743  |i  sec 

1000  p  sec 

I.  5 

777  ft/sec 

less  than  764  p  sec 

663  p  sec 

1.  7 

1 03  5  ft/sec 

less  than  594  p  sec 

497  p  sec 

In  all  cases  the  calculated  values  give  results  that  are  consistent 
with  the  experimental  data.  It  should  be  borne  in  mind  that  the  experi¬ 
mental  values  of  tj^  could  not  be  estimated  to  better  than  30  or  40  pore.,  at  so 
that  the  calculated  values  are  in  good  agreement  with  the  experimentally 
determined  values. 


One  fact,  and  a  very  important  one,  that  as  yet  has  not  been  men¬ 
tioned,  is  that  the  data  of  Ref.  kO  appears  to  be  that  resulting  from  the  third 
type  of  brealoip,  yet  Eq.  (4. 1),  which  was  derived  for  the  second  type  of 
breakijp,  still  gives  reaaonabie  results,  it  has  been  pointtd  out  by  several 
authors  that  the  stripping  type  of  breakup  is  the  one  to  be  expected  at  super¬ 


sonic  speeds  (Refs.  21,  Zb,  30).  it  would,  therefore,  appear  that  Eq.  (4.1) 
provides  a  reasonable  first  estimate  of  the  "breakup  time"  of  water  drops 
in  a  supersonic  airstream.  Although  the  equation  has  been  developed  for  the 
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blowing  out  type  of  drop  breakup,  it  appears  to  be  also  applicable  for  the 
stripping  type  of  breakup. 

Equation  (4.  1)  has  been  found  to  agree  reasonably  well  witli  experi¬ 
mental  data  as  has  been  indicated.  It  was  a  matter  of  concern,  however, 
that  the  breakup  model  which  led  to  Eq.  (4.1)  did  not  agree  with  the  experi¬ 
mentally  observed  breakup  phenomenon  at  high  (supersonic)  speed. 

It  should  be  remembered  that  Eq.  (4.1)  was  derived  on  the  basis 
of  the  following  oreakup  process: 

1.  Tile  high  pressure  at  the  stagnation  point  of  the  drop  blows 
the  drop  inward  like  a  balloon  (see  Fig.  3). 

2.  The  center  of  the  "balloon"  blows  out  and  the  drop 
shatters  (see  Fig.  4). 

This  type  of  drop  breakup  does  indeed  occur  at  moderate  speeris 
(a  few  hundred  feet  per  second)  but  not  at  supersonic  velocities.  The 
question  then  naturally  arose  as  to  why  Eq.  (4.1)  provided  good  results  at 
supersonic  velocities. 

It  was  experimentally  observed  that  at  supersonic  velocities  the 
drop  breakup  process  is  made  up  of  a  stripping  action  as  indicated  in  Fig.  5. 
This  stripping  action  can  be  represented  by  the  tearing  off  of  an  annulus  of 
water  at  the  shoulder  of  .he  drop. 

At  the  shoulder  of  the  drop,  where  the  stripping  occurs,  the  pressure 
loading  is  approximately  zero  since  the  air  flow  nearly  has  returned  to  its 
original  direction.  Indeed,  the  familiar  cosine  square  pressure  distrihatioii 
which  is  often  used  to  approximate  the  pressure  loading  over  hemispheres 
does  go  to  zero  at  the  shoulder.  The  friction  force  arising  from  viscous 
effects,  however,  is  a  maximum  at  the  shoulder.  We  will,  therefore,  assume 
tha^  the  friction  forces  and  surface  tension  forces  are  the  only  fo:rces  acting 
in  the  vicinity  of  the  shoulder.  We  can  represent  this  situat  ‘ti  by  the 
sketch  appearing  on  the  following  page. 
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f  =  friction  force  in  pounds 

f  =  surface  tension  force  in  pounds 
st 


It  must  be  noted  that  the  sketch  above  is  a  cross  section  of  the  drop  and 
in  reality  the  stripping  process  takes  place  over  an  annulus  whose  axis 
is  lined  up  with  the  air  stream.  We  will  assume  that  the  stripping  takes 
place  over  a  small  region  around  the  shoulder.  This  assumption  will  be 
looked  at  more  closely  at  a  later  stage  in  the  derivation  of  the  breakup 
time. 

With  the  assumption  that  stripping  occurs  within  a  small  region 
around  the  shoulder,  we  can  use  the  following  approximations: 


1.  f  and  f  have  nearly  the  same  line  of  action,  i.  e. ,  they 
st 

are  parallel  (or  anti-parallel). 

Z.  The  water  stripped  off  can  be  approximated  by  a  hollow 
cylinder  of  thickness  a  r  and  length  h  (see  Fig.  fc). 

The  cross  sectional  area  of  the  hollow  water  cylinder  torn  off  i< 


given  by 


A  ■  area  =  »  (r  +  a  r)  - 


A  =  (I  +a)‘ 


h  r 

■  -r 
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(1  +  a)^  =  1  +  2a,  for  a.^  <  <  1  +  2  a 

thus 

A  3  h  1-  a 

thus  the  thickness  of  the  equivalent  hollow  cylinder  is  a  r. 
Surface  area  of  cylinder  =  A 

w 

A  =  2  IT  r  h  for  a  <  <  1 

v; 

Volume  of  cylinder  =  V 
V  =  2  TT  r^  h  a 

Length  of  annulus  over  which  surface  tension  ac'.s  =  f 
f  =  2  IT  r 


and 

f  =  (T  2  IT  r 
st 

where 

<r  =  surface  tension  in  pounds  per  inch. 

For  water  the  surface  tension  is  given  in  Ref.  36  as 

0-  =  4.  81  X  10"'^ 

m. 

The  friction  force  can  be  computed  as  follows: 

f  =  4  P  C,  A 

2  ^  f  w 

V  =  the  relative  velocity  Letween  the  drop  and 
the  air  in  feet  per  second 

Cj!  —  friction  coefficient 

A  =  wetted  area 
w 

p  =  air  density  in  slugs  per  cubic  foot 


13 


MC-6 


(4.  4) 

(4,  6) 

(4.  b) 

(4.  7) 

(4.8) 

(4.  9) 


1-6-Rl 


CONFlDENTiAL 


CONFIDENTIAL 


Looking  at  a  cross  section  o£  the  cylinder  of  water  that  ii 
off,  ^ 

tZZZZZ2  ^5*— 


we  can  define  the  drop  breakup  to  occur  when 

f  =  f  ^ 

st 

and  this  constraint  also  determines  the  value  of  a  as  follows: 

f  =  ip  A  =  f  =  tr  e 

2  ^  f  w  st 


but 


and 


I  2 

yp  V  Cj.2'iTrh  =  tr2Tir 


{  =  {r  +a  r)2 


h  =  2r  \/  a(a  +  2)3  D  ^^2a'  for  a  <  <  2 

A  s  TT 
w 


Combining  {4.  11)  and  (4,  12),  we  get 
i  p  Cj  D  '/2a“  =  or 


or 


(T  =  q  Cr  D  '^/Ta 


where 


and 


q  =  ^  p  =  dynamic  pressure 


a  =  TT 


0-  j2 


2  ^2  „  2  -2  2  '  q  C,  D 

q  C£  D  ^  f 
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We  can  approximate  by  the  friction  coefficient  on  a  flat  plate. 
To  do  this  we  compute 

V 

Re  - 1-  (4.14) 


where 


Re  =  Reynolds  number 
p  =  density  in  pounds  per  cubic  foot 
V  =  relative  velocity  between  the  drop  and  the  air 
D  =  drop  diameter 

u  =  viscosit'"  in  {pounds)_„  per  foot-sec'ind 

”  *ma.RS  • 


The  subscript  s  refers  to  conditions  at  the  shoulder.  Using  this  value  of 
Reynolds  number  and  Fig.  21.4  of  Ref.  37»  we  can  determine  for  a 
given  drop  Mach  number  and  from  Eq.  (4. 13)  we  can  determine  a.  At  this 
noint  we  have  computed  f,  f^|.i  and  a,  and  knowing  Di  Vi  p^.  and  p^i  we 
can  compute  tj^  as  follows. 

The  drop  will  be  considered  as  broken  up  when  the  stripped 
cylinder  has  traveled  a  drop  diameter  since  it  has  then  completely  sepa¬ 
rated  from  the  original  drop.  The  force  equation  on  the  stripped  cylinder 
can  be  determined  by  considering  the  following  figure. 


r 


In  the  condition  illustrated,  the  front  portion  of  the  stripped 
cylinder  has  separated  from  the  main  portion  of  the  drop  an-J  we  now  wish 
CO  c.ompute  the  time  for  the  cylinder  to  travel  one  drop  diameter. 

dv 


F  =  f  +  f  =  m  TT 
st  dt 


(4.  15) 
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but  we  have  from  Eq.  (4.  10) 


f  = 


f 


st 


so  that 


where 


2£  =  m 


dv 

ar 


m  =  mass  of  stripped  cylindi,?  in  slugs 

V  =  velocity  of  stripped  cylinder  in  ft  per  sec 

V  -  2£t  ,  p 

V  -  ——  +  C  I 


at 


t  =  0-, 

V  =  0  I 


Cj  =  0 


at 


and  for  x  =  D 


2  ft* 


^  "  T1 

t  =  0 

X  =  0(  Cz 

Using  Eq.  (4.11)  and  Eq.  (4.121 


+  Cz 


(4.  16) 


2  m 


p  V*  Cj.  2  a  TT  D 


(4.  17) 


From  Eq.  (4.5)  we  can  compute  m  as 


,,  IT  D*  , 

m  =  P^  V  =  p^.  ha 


f^w  2 


and  with  the  help  of  Eq.  (4.  1  la) 


m  = 


w 


IT  D* 


D  ^^T  a^/^ 


(4.  18) 
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Combining  Eqs,  (4.  17)  and  (4.  18) 


(4.  19) 


Equations  (4.  19)  and  (4.  I)  aro  now  seen  to  be  identical  if 
is  identified  with  C  and  if  Eq.  (4.  1)  is  written  as 

D, 

The  computation  of  C  follows  quite  easily.  Eet  us  consider  a  drop 

with 

D  =0.  040" 

V  =  1682  ft/sec 

=  62.4  lb  /ft^ 

'^w  m' 

We  will  consider  the  drop  in  a  wind  tunnel  at  Mach  number  2, 
with  po  =  30  psi  and  To^  =  660"  R.  The  drop  will  be  assumed  to  enter  a 
still  air  region  behind  a  normal  shock  at  a  velocity  of  1682  ft/sec.  Then 
we  have 


SHOCt 


Va.  ■  tUeS  Va_  »0 


Re 

s 


V  IT 


D 

4 


V- 


3 


0.  0935  X  1682  x  ’"-4 
^  _ 4x12 

130  X  10-v 

(the  value  of  is  obtained  from  Ref,  38). 


=■  3. 1  6  X  10^ 
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From  Fig.  21.4  of  Ref.  37i  we  obtain 
Cjf  =  7x10’^ 


1  .  0.0935 

2  irr 


X  (I6B2)*  =  4.11  X  10^  IL 

ft' 


Equation  (4. 13)  can  now  be  solved  for  a  as  follows: 


a 


1 

2 


a  =  18.1  X  10“^ 


The  small  value  of  a  which  is  obtained  thu.^  jcjtifiea  the  assump¬ 
tion  that  stripping  occurs  only  over  a  small  area  at  the  should ;r.  C  is 
computed  as 


C  = 


0.509 


thus 


which  is  in  close  agreement  with  the  given  values  of  C  (0, 66  to 


(4.  20) 


2). 


In  reality,  of  course,  should  be  some  fraction  of  the  total 
breakup  time  or  it  may  be  considered  to  be  a  “breakup  time-constiiil'' 
so  that  the  breakup  time  is  then  some  multiple  of  the  breakup  time -constant. 
The  derivation  just  concluded  cannot  provide  the  value  of  this  multip’ying 
factor  and  it  must  be  determined  experimentally.  Whether  ar.y  practical 
derivation  of  the  drop  breakup  time  can  pred'ct  the  value  of  this  multi¬ 
plicative  constant  is  open  to  serious  doubt. 


We  can  obtain  the  value  of  for  a  cylinder  and  un-  diis  value  to 
approximate  for  the  drop. 
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Cj  for  a  cylinder  is  ylveii  in  Fig.  9-7  of  Ref.  37  as 


Cf  \j- 


V  pr 

erk  • 


.  2.6  =  C.  >' 


'f  V  ^ 
V  =  I6B2  ft/sec 

CO 

r  =  0.  02/12  ft 


p  =  0,093 lb„,/£t3 

I*  '  130  X 10-’ 


V  =  Ji.  =  13.9  X  !0'^ 

p  ft-sec 

2 

V  r  =  2.80  — 

CO  see 


=2.6 


,/  =  2.  6  4.97  X  10-5  =  0.0183 

*S*cyl.  "  ^'"f^flat  plate 


a  =0  00181 


=  0.1 


"V  a/Cf  =  0,316  (which  again  is  in  good  agreemriia 

with  existing  data)  (4  21) 


The  value  of  which  is  actually  correct  is  of  academic  concern 
since  in  reality  the  friction  force  will  change  during  the  breakup  process 
The  determination  of  as  a  function  of  Lime  would  be  nearly  impossible 
and  the  usefulness  of  the  result  of  this  determination  is  open  to  doubt.  In 
-iny  eventi  the  important  results  of  the  derivation  just  carr^  -d  nut  are  the 
functional  dependence  of  the  breakup  time  on  the  drop  diameter i  water 
density,  relative  velocity,  and  air  density. 


19 


MC-oI-6-Rl 


CuNt-lUtN  I  iAL 


CONFIDENTIAL 


The  value  of  C  cun  be  related  to  air  stream  and  drop  parameterf 


as  follows: 


a  = 


S  - 


q  Cj  D 
2.7 


C,  = 

^  ''/rI7 


cylinder 


laminar 


flat  plate 


u 


(4.  22) 


Let  us  take 


K 


Nf  Re« 


then 


Re. 


a  = 


1  2 


K  q  D 


IRe^) 


3/4 


K  q  D 


and 


Re, 


K‘ 


3/4 


•v/T  q  D 


|4.  23) 


Re^  =  local  Reynolds  number  at  the  shoulder 
K  =  constant 

(T  =  surface  tenai^n  in  pounds  per  inch 

q  =  free  stream  dynamic  pressure 
in  pounds  per  square  inch 

D  =  drop  diameter  in  inches 
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This  permits  the  drop  breakup  time  to  be  written  as 


= 


“K 


Using  dimensionless  quantities  we  obtain 


where 


=  breakup  distance  in  inches 


(4,  24) 


For  two  different  stagnation  pressuresi  p.  and  p.  >  we  will  get  two 

1 1  ^2 

breakup  distances,  X,  and  X,  . 

bi  b2 

Forming  a  ratio  for  these  two  ennditinns  from  Eq.  (4,24),  we  get 


Re^  oc  p^ 
q  oc  Pj. 


Pa  “  Pt 


O',  p^i  K,  are  constants.  Thus 


and 


•i  /  A 


1/2 


(4.  25) 


Thus  the  stagnation  pressure  is  seen  to  be  a  convenient  parameter  to  vary 
in  a  wind  tunnel  test  of  the  equations  that  describe  the  watsr  drop  breakup 
process. 
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In  addition  to  Eq.  {4J9)i  the  following  qualitative  information 
about  the  drop  breakup  process  has  been  obtained  from  the  litoocure 
surveyed. 

1.  The  "breakup  time"  for  the  drops  is  strongly  dependent 
upon  the  relative  velocity. 

2.  Final  drop  size  (after  breakup)  is  quite  likely  on  the 
order  of  10  microns  as  compared  with  an  initial  drop 
diameter  of  2000  microns. 

3.  For  supersonic  relative  velocity i  the  breakup  distance 
(relative  velocity  multiplied  by  the  "breakup  time")  will 
almost  certainly  be  a  foot  or  less  and  pr  OwCiuly  v/ill 
be  considerably  less  than  a  foot. 

4.  Viscosity  and  surface  tension  effects  are  unimportant 
compared  to  drag  forces  at  the  speeds  under  con¬ 
sideration. 

Based  on  the  preceding  information  on  drop  breakup,  MITHRAS 
has  proposed  to  utilize  a  flow  separation  spike  extending  upstream  of 
the  radome  to  produce  a  region  of  relatively  high  velocity  (with  respect 
to  raindrops).  (See  Fig.  7.) 

The  separated  boundary  layer  from  the  spike  in  front  of  the  body 
produces  a  trapped-air  region  in  front  of  the  body  as  indicated  in  Fig  7. 
This  trapped-air  region  possesses  a  velocity  with  respect  to  on  oming 
raindrops  of  approximately  the  missile  velocity.  In  addition,  the  air’ 
between  the  oblique  shock  and  the  trapped-air  region  possesses  a 
velocity  with  respect  to  the  oncoming  raindrops  that  is  fairly  high.  The 
raindrop,  in  traversing  both  flow  fields,  will  be  quickly  broken  up  into  a 
fine  mist  before  it  can  reach  the  missile  nose.  A  discussion  of  the  aero¬ 
dynamic  behavior  of  spike -tipped  radomes  which  may  be  icj’xd  useful  is 
contained  in  Ref.  39-  In  addition,  a  considerable  body  of  ad.iitional  litera¬ 
ture  on  spiked-bodies  exists  but  has  not  been  referenced  in  the  interests 
of  brevity  and  because  the  aerodynamic  design  and  performance  of  spiked- 
bodies  is  not  under  consideration  in  this  report. 
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The  nffet-t  of  partif.lo  or  rlrou  impact  on  various  materials  has 
been  investigated  by  several  authors.  While  the  relations  describing 
damage  due  to  drop  impact  have  not  been  completely  determined,  it 
would  appear  that  for  solid  particles,  the  particle  penetration  is  nearly 
proportional  to  the  particle  diametei'  (see  Eq.  3.  1).  By  breaking  the 
raindrop  up  into  much  smaller  drops,  the  damage  due  to  individual  im¬ 
pacts  is  considerably  reduced  and  the  eff--m:  af  the  individual  impacts 
are  spread  over  the  entire  radome  surface  rather  than  being  concen¬ 
trated  at  particular  points.  The  total  overall  damage  will  be  much  less 
for  the  protected  radome  than  for  the  unprotected  radome. 

The  amount  of  protection  afforded  the  radome  by  the  presence  of 
a  protruding  spike  depends  upon  the  spike  length.  If  the  spike  is  too 
short,  the  radome  will  be  eroded  because  the  v/atcr  drops  will  have 
impacted  the  radome  before  they  have  had  time  to  disintegrate.  If  the 
spike  is  made  too  long,  aerodynamic  difficulties  are  encountered. 

The  proper  spike  length  can  be  calculated  from  Eq.  (4.19)  by 
inserting  the  desired  value  of  drop  diameter  and  missile  flight  condi¬ 
tions.  Reference  to  literature  on  spiked-bodies  will  then  indicate 
whether  the  spike  length  is  acrodynamically  acceptable.  It  should  be 
noted  at  this  time  that  the  requirements  on  spike  design  imposed  by 
erosion  resistance  considerations,  i.e. ,  spike  length,  are  generally 
compatible  with  the  aerodynamic  requirements  on  the  spike  design. 
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5.  TEST  EQUIPMENT 

The  successful  investigation  of  the  rain  erosion  problem  and  the 
determination  of  the  solution  to  this  problem  require  that  studies  be 
carried  out  under  controlled  conditions.  .For  this  purposei  MITHRAS 
has  been  constructing  an  erosion  simulation  system  to  produce  liigh 
velocity  water  drops  in  a  supersonic  air  stream.  This  system  will  per¬ 
mit  the  study  of  the  basic  erosion  processj  material  resistance  to 
erosion,  water  drop  behavior  in  supersonic  airstrearns,  a-id  proposed 
erosion  alleviation  methods.  The  erosion  simulation  c/stem  consists  of 
three  main  components]  the  air  channel  to  produce  a  supersonic  airstream 
(table  1  contains  a  summary  of  the  typical  operating  parameters  of  the 
channel),  the  water  injection  system  to  produce  the  high  velocity  water 
drops,  and  the  photographic  system  to  determine  drop  velocity  and,  if 
possible,  to  record  the  erosion  process  and  drop  breakup  phenomena. 

By  injecting  a  jet  of  water  into  the  airstream  of  a  Supersonic  wind 
tunnel  at  a  velocity  slightly  different  from  the  stream  velocity,  it  is  ex¬ 
pected  that  the  jet  can  be  made  to  break  up  into  drops  of  known  size.  This 
stream  of  drops  can  then  be  directed  at  components  and  models  of  missiles 
and  airplanes  to  simulate  the  flight  of  the  missile  through  a  rainstorm. 

Reference  315  indicates  that  the  following  relation  may  be  used  to 
predict  the  final  drop  size  resulting  from  the  jet  breakup. 


2  I 


(7 

W 
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Table  1. 

Mach  Number 

2.0  Erosion  Simulator  Characteristics. 

P/Pt 

= 

0.  1278 

Pt. 

= 

25.  56  psi 

P/Pt 

0.  2300 

Pi 

= 

3.  267  psi 

T/T^ 

= 

0.  5556 

^t 

= 

530"  R  (70"  F) 

q/Pt 

= 

0,  3  579 

Ti 

294“  R  (-166"F) 

A/A- 

= 

1.  688 

P2 

= 

14.  7  psi 

v/a* 

= 

1.  63299 

Ptz 

= 

18.  43  psi 

Mz 

= 

0.  5774 

Tz 

= 

496“  R  (36"  F) 

Pt/Pl 

= 

4.  500 

a 

841  fi'/spc 

pz/pi 

= 

2.  667 

U 

= 

1  682  ft/sec 

Tz/Ti 

= 

1,  688 

q 

= 

9.  148  Ib/in^ 

Ptz/Pt. 

= 

0.  7209 

A 

= 

10  in’* 

P*/Ptz 

= 

0.  1773 

A^' 

= 

5.  924  in^ 

Ptz 

= 

0.004047  ^  (0.1295 

pi 

0.  0009308^  (0.  02979  ^ 

P2 

= 

si  lb 

0.  002482  ^  (0.  07945  ^ 

Re/f 

r. 

6.  594  X  10^  ft'^ 

rii 

- 

3.  48  Ib/sec  108  sl/sec) 

=  I9i  000  psi 

Hzd 


Note:  The  symbols  used  in  this  table  are  identical  with  those  used  in 
Reference  47. 
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drop  density 

V  relative  velocity  between  jet  and  air 

D.  jet  diameter 
3 

V  jet  velocity 
viscosity  of  drop 

viscosity  of  airstream 

By  rearranging  the  equation!  the  jet  diameter  and  jet  velocity 
may  be  computed  when  the  drop  size  is  specified. 

Using  the  familiar  Bernoulli  equation,  an  estimate  of  the  re¬ 
quired  pressure  for  a  given  jet  velocity  can  be  readily  obtained  (Fig.  8), 
The  Bernoulli  equation  is 


where 

p  jet  supply  pressure 

p  density  of  water 

v  velocity  of  jet 

Compressibility  effects  will  affect  the  answer  somewhat  but  as 
shown  in  Fig.  8,  these  effects  are  small.  The  required  velocity  of  the 
jet  is  approximately  equal  to  that  of  the  airstream  into  which  injection 
is  occurring.  For  a  Mach  number  of  2  with  a  stagnation  teiiiperature 
of  70"  Fi  the  isentropic  perfect  gas  relaUons  give  an  airstream  velocity 
of  1682  ft/sec.  The  pressure  required  to  produce  this  velocity  la  found 
from  Eq.  (5.2)  to  be  19,000  psi. 

Equation  (5.  1)  and  Ref.  35  show  that  the  final  drop  size  in  an 
atomizing  jet  is  to  a  large  extent  unaffected  by  injector  diameter,  in¬ 
jection  velocity,  and  injector  orientation  (with  respect  to  the  airstream). 
Thus  the  controlling  parameter  is  relative  velocity  and  the  final  drop 
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size  is  effectively  determined  by  this  parameter  and  is  independent  of 
the  other  parameters.  Furthermore,  in  the  teats  reported  (Ref.  15), 
at  distances  from  the  jet  nozzle  greater  than  one  foot,  the  drop  size  was 
approximately  constant.  It,  therefore,  appears  possible  to  control  drop 
size  and  distribution  by  adjusting  the  water  jet  velocity  (and  thereby  the 
relative  velocity  between  the  jet  and  the  airstream)  through  a  range  from 
slightly  greater,  to  slightly  less  than  the  test  section  alrstreaiu  ./elocity. 
Based  on  the  results  obtained  in  Ref.  35.  it  is  expected  that  drop  diameter 
will  vary  as  the  relative  velocity  to  the  minus  four-thirds  pov/ei‘  or  the 
jet  supply  pressure  to  the  minus  two-thirds  power.  This  would  imply  that 
the  requirements  on  controlling  the  jet  supply  pressure  are  not  severe. 

5.  1  Erosion  Simulator 

Figure  9  shows,  schematically,  the  Mach  2  blow-down  erosi-on 
simulator  that  is  under  construction  to  determine  the  destructive  effects 
of  high  velocity  water  drops  on  materials  used  in  flight  vehicles.  The 
water  pump,  accumulator,  and  valving  shown  in  Fig.  10  will  be  used  with 
this  tunnel.  The  water  nozzles  and  materials  holder  will  be  similar  to 
those  shown  in  Figs.  22,  26,  and  27. 

For  a  general  description  of  blow-down  wind  tunnels  and  its 
elements,  refer  to  Ref.  40  and  for  the  design  of  wind  tunnels  and  pressure 
systems,  refer  to  Refs.  40,  41,  and  42. 

The  erosion  simulator  is  designed  to  operate  with  a  stagnatio.a 
temperature  of  560’ R  and  a  stagnation  pressure  ranging  up  to  60  psi.  Air 
storage  equipment  and  the  air  compressor  are  expected  to  provide  s 
capability  of  20  to  30  runs  per  day  with  a  stagnation  pressure  of  30  psi 
and  a  run  time  on  the  order  of  10  seconds.  Since  actual  testing  tir.ie  is 
an  the  order  of  2  seconds,  this  run  time  should  be  more  than  sutficient. 

Tb“  photographic  system  to  be  used  with  the  aimulalar  has 
dictated  that  large  viewing  windows  be  provided  as  indicated  in  Fig.  9-  It 
is  expected  that  the  tester  will  accommodate  a  1/2"  x  1/2"  cquare  model. 
Access  ports  for  the  water  injection  system  are  not  indicated  in  Fig.  9 
but  these  are  located  90"  around  from  the  po  and  To  instrumentation  port 
in  the  stilling  section. 
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5.  Z  Water  Injection  System 

The  water  injection  system  is  required  to  pump  water  to  a 
pressure  of  s  everal  thousand  pgi,  store  it,  and  then  release  it  rapidly 
into  a  supersonic  airstrearn  at  a  velocity  approximately  equal  to 
that  of  the  airstrearn.  The  injection  system  is  shown  schematically 
in  Fig.  10. 

The  pumping  unit  used  is  a  Sprague'"  S-440  ready-to-use-pump 
unit  with  an  S-216-C-300  basic  pump.  "The  pump  is  an  air  driven 
reciprocating  pump,  identical  in  operating  principle  to  the  conventional 
stream-driven  cylinder  pump.  Through  a  4-way  valve,  air  pressure  is 
ii.troduced  on  one  side  of  a  piston  at  the  same  time  the  other  side  of  the 
piston  Is  vented  to  exhaust.  At  the  opposite  end  of  the  shaft  is  connected 
a  liquid  end  piston  which  receives  the  undiminished  force  developed  Hy 
the  air  piston  and  transforms  this  force  into  liquid  pressure. 

"Since  the  force  transmitted  is  the  same  for  both  liquid  and  air 
pistons,  the  pressure  developed  on  the  liquid  side  is  inversely  propor¬ 
tional  to  +he  ratio  of  the  piston  areas.  Thus  when  100  psi  air  is  used 
to  operate  a  S-216-C-300  pump,  which  has  a  nominal  ratio  of  300!  1,  the 
liquid  pressure  will  be  approximately  300  x  100,  or  30,000  psi."  (See 
Ref.  43.)  This  unit  has  a  maximum  pumping  rate  of  approximately  0. 1 
gpm. 

The  pump  output  pressure  is  read  from  a  Marshalltown  30,QuC  pai 
gauge.  This  unit  has  an  accuracy  of  1/2  percent  of  full  scale  or  150  psi. 

The  quick-opening  valve  is  an  Aminco  ’  type  44-5912  Quick- 
Opening  Valve.  (See  Ref.  44.)  This  unit  ’S  reported  by  the  manufacturer 
to  go  from  full  closed  to  full  open  in  4  or  b  milliseconds. 

The  rematiimg  cemponents  of  the  water  injection  oyetem,  vrith 
the  exceptio.i  of  the  jet  nozzles,  are  standard  Autoclave  '  hardware 
(30,000  psi,  stainless  steel)  and  a  description  of  these  components  may 

Spra.gu6  Kngineerixig  Corporation!  Gardenat  Califomia 
**  American  Instrument  Co.,  Inc.,  Silver  Spring,  Maryland 
Autoclave  Engineers,  Inc.,  Erie,  Pennsylvania 
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be  found  in  Refs.  46  and  46.  Special  mention  deserves  to  be  made  of 
the  accumulator. 

This  unit  is  a  cylinder  with  a  2-liter  capacity.  It  is  made  from 
stainless  steel  and  is  designed  to  operate  with  an  internal  pressure  of 
30>000  psi.  The  unit  has  pressure  fittings  at  either  end;  the  top 
fitting  accommodates  the  nitrogen  input  system  and  a  safety  blowout 
disc;  the  bottom  fitting  accommodates  the  water  input  and  outlet  systems. 

The  operation  of  the  water  pumping  system  is  as  follbws.  With 
valve  5  closed,  tap  water  is  admitted  from  valve  6  and  after  filtering 
reaches  the  Sprague  high  pressure  pump.  With  valves  1,  2,  4,  and  11 
closed  and  3  open,  the  high  pressure  water  on  the  outlet  side  of  the 
pump  is  admitted  into  the  2-liter  pressure  vessel  or  accumulator.  Valve  1 
serves  as  a  safety  valve  in  the  event  of  i,.iiure  of  valve  2  which  is  a  special 
quick-opening  valve.  By  first  opening  valve  1  and  then  valve  2  the  high 
pressure  v/ater  in  the  accumulator  is  quickly  released  and  after  passing 
through  a  suitable  nozzle  this  water  emerges  as  a  supersonic  jet.  In 
practice,  valve  3  is  closed  prior  to  the  opening  of  valve  2.  This  prevents 
the  needle  in  the  high  pressure  gauge  from  slamming  into  its  stop  upon 
the  sudden  release  of  pressure  in  the  system.  Valve  4  serves  the  dual 
purpose  of  providing  a  bleed  for  the  high  pressure  water  and  is  also  used 
infilling  the  accumulator  with  water.  This  is  accomplished  by  connecting 
valves  4  and  5  with  a  length  of  tygon  tubing.  Valves  3,  4,  5,  11,  and  9 
ar.T  opened  and  water  enters  through  valves  6,  5,  4,  and  3  in  that  ordei 
Valves  1  and  2,  of  course,  remain  closed.  Displaced  air  escapes  from 
the  accumulator  through  valves  9  and  10. 

Because  of  the  small  compressibility  of  water,  only  a  small 
volume  change  is  required  to  bring  the  water  back  to  atmospheric  pressure 
and  the  duration  of  the  supersonic  jet  is  therefore  quite  short.  In  Pome 
cases  it  may  be  required  to  have  fairly  long  jet  durations.  This  is  pos¬ 
sible  if  presBUiized  gas  is  used  in  the  accumulator.  This  gas,  because 
of  its  large  compressibility,  then  serves  as  a  spring  and  greatly  increases 
the  jet  duration.  For  this  purpose,  provision  is  made  in  the  v/ater  injec¬ 
tion  system  for  introducing  2300  psi  nitrogen  into  the  accumulator  through 
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valves  10  and  11.  After  valves  10  and  11  are  closed,  the  system  is  then 
pumped  up  with  water,  compressing  the  nitrogen  until  the  reouii  “d 
press'Te  is  reached. 

Valves  7  and  8  are  used  to  control  the  flow  of  100  psi  driving  air 
into  the  pump  and  thereby  control  the  pressure  at  the  high  pre.3Bure  side 
of  the  pump. 

The  operating  parameters  of  the  water  pumping  system  are 
determined  largely  by  the  jet  or  water  drop  velocity  desired.  In  all  cal¬ 
culations  to  date,  the  required  velocity  has  been  taken  to  be  1682  ft/sec 
or  Mach  2  at  a  stagnation  temperature  of  70°  F.  The  pressure  required 
to  produce  this  velocity  can  be  quite  accurately  determined  from 
Bernoulli's  equation.  This  relation  is  plotted  in  Fig.  8  where  the  design 
pressure,  for  a  Ins.sless  system,  is  f-'und  to  be  19,000  psi.  For  com¬ 
putational  ease,  this  pressure  will  be  considered  to  be  20,000  psi. 

The  compressibility  of  water  is  approximated  by 
compressibility  =  X  = 

where  C  and  L  are  constants  and  P  is  the  pressure.  At  the  pressure 
level  considered  (20,000  psi),  X  is  nearly  constant  at  about 

’  X  10->  ^ 

(See  Ref.  36.)  This  allows  us  to  plot  AP  versus  A  V/V  as  in  Fig.  11. 
From  tills  figure  we  find  that  the  fractional  volume  change  amounts  to 
five  percent  for  A  P  of  20,000  psi. 

Figure  12  plots  usable  volume  req>.'ired  versus  flow  time  for 
v.arious  standard  tubing  sizes  (four  right  hand  lines)  and  0.040"  i.  d. 
restricted  tubing  (this  latter  tubing  can  be  made  from  stand-vd  tubing 
by  adding  a  nozzle  with  an  0,040"  throat).  It  must  be  noted  that  Fig.  12 
assumes  constant  pressure.  By  using  Fig.  II  in  conjunction  with  Fig.  12, 
the  total  volume  required  can  he  found. 
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If  a  gas  is  first  introduced  into  the  accumulator  of  the  wate”  in¬ 
jection  system  and  water  is  then  pumped  in  until  the  required  pressure 
is  reached,  then  the  gas  will  act  as  a  spring  (because  of  its  large  com¬ 
pressibility)  and  permit  longer  run  times  for  the  same  accumulator 
volume  and  pressure  drop. 

Because  of  their  low  solubilities  and  cost,  helium  and  nitrogen 
gas  were  considered  for  use  as  the  charging  gas.  Nitrogen  was  selected 
because  of  its  lower  cost  (1/4  that  of  helium)  even  though  it  is  somewhat 
more  soluble  than  helium  (2-1/2  times).  By  introducing  the  nitrogen 
into  the  accumulator  at  nominal  storage  pressure  (approximately  2,000 
psi),  it  becomes  necessary  to  compress  the  gas  by  a  factor  of  only  10. 

Assuming  that  the  gas  temperature  remains  constant  at  560°  R 
and  that  the  perfect  gas  law  holds,  we  have 

p  =  p  R  T  {5.  4) 

-Use 


where 

m  is  mass  of  the  gas 
V  is  the  volume  of  the  gas 

If  no  gas  is  allowed  to  escape  from  the  accumulator,  i.e. ,  the  gas  re¬ 
mains  in  the  upper  portion  of  the  accumulator  while  the  water  in  the 
lower  half  leaves  through  the  bottom  fitting,  then  m  is  a  constant  and 
we  can  write 

^  ^2,000 

where 

a  is  the  fraction  of  the  accumulator  volume 
occupied  by  the  gas  at  2,  000  psi 


P2,000 


is  the  gas  density  at  2,000  psi 
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Thus 


_  ®  ^2,000  „ 

-  - iT - -  K 


and 


AP  =  - 


•  ''i  <>2,000  ST  AV 


at  P  =  2O1OOO  psii  we  have 


AP  = 


^  ^0  <’2,000 


ra  Vq  I  2 


[-ur 


AP 


a  Vn 


(5.  7) 

(5.  s; 


(5.  9) 


This  relation  is  plotted  in  Fig.  13.  As  an  example,  let  the  flow  time  be 
0.02  seconds  with  a  nozzle  diameter  of  0.040".  From  Fig.  12  AV  =  0.5 
cubic  inches.  If  A  P  is  taken  as  250  psi,  then  from  Fig.  13,  for  a  =  1, 

Vq  =  400  cubic  inches. 

The  water  injection  system  that  has  been  built  is  designed  to 
operate  at  a  jet  velocity  of  approximately  1600  feet  per  second.  This 
unit  can  be  used  up  to  velocities  of  perhaps  I9OO  feet  per  second,  but  for 
velocities  greater  than  2000  feet  per  second  it  will  be  necessary  to 
construct  another  higher  pressure  unit.  With  currently  available  hydraulic 
pumping  equipment,  velocities  in  excess  of  3,500  feet  per  second  are 
attainable. 


5.  3  Photographic  Instrumentation 

The  photographic  system  is  used  to  determine  the  velocity  of  the 

water  drone  in  the  supersonic  alrstream. 

The  system  (Fig.  14)  consists  of  two  cameras,  two  electronic 
flash  units,  two  electronic  time  delay  circuits,  a  trigger  circuit,  and 
a  switch. 

This  arrangement  was  used  in  order  to  obtain  two  individual 
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silhouette  photographs  of  the  subject  with  a  known  time  interval  between 
each  exposure.  The  images  arc  separatci  distinct  photograp'n-  rather 
than  the  conventional  superimposed  double  exposure  technique,  The 
cameras,  light  sources,  light  baffle,  and  translucent  screen  are  ar¬ 
ranged  in  a  manner  that  allows  the  No.  1  camera  to  receive  illuminatioJi 
only  from  the  No.  1  light  source  and  the  No.  2  camera  to  receive  light 
only  from  the  No.  2  light  source. 

The  cameras  are  conventional  "Speed  Graphics"  with  "Polaroid" 
adaptors.  The  light  sources  are  ten  microsecond  flash  duration,  four 
watt  second  energy  units. 

The  electronic  trigger  circuit  and  delay  circuits  were  designed 
and  constructed  by  personnel  at  MITHRAS. 

The  photographic  system  is  operated  in  the  following  manner. 

The  trigger  switch  is  activated  when  the  quick  opening  valve  is  operated. 

This  energizes  the  trigger  circuit  which  activates  the  No.  1  delay  circuit. 

Th®  No.  1  delay  is  an  adjustable  electronic  time  delay  circuit  with  an 
operating  range  from  10  |i  sec  to  I  second.  The  purpose  of  this  circuit 
is  to  allow  enough  time  for  the  water  to  flow  through  the  valve,  plumbing, 
injection  nozzle,  and  into  the  field  of  view  of  the  No.  1  camera.  During 
the  wind  tunnel  tests  this  time  interval  was  usually  set  for  approximately 

1  millisecond.  The  output  pulse  from  the  No.  1  delay  unit  activates  the 
No.  1  flash  unit,  producing  the  first  exposure  on  the  Nn.  1  camera  and 
simultaneously  energizes  the  No.  2  delay  circuit.  The  purpose  of  the 
No.  2  delay  unit  is  to  allow  a  known  time  interval  between  exposures  in 
order  to  determine  water  velocity  and  characteristics  of  the  water  jcl 
with  time.  The  No.  2  delay  circuit  is  a  "one  shot  multivibrator"  with 
an  operating  range  from  5  p  sec  to  1  second.  For  the  wind  tunnel  tf.  sta 
this  time  interval  was  adjusted  to  allow  the  water  to  move  approximately 

2  inches  between  exposures  which  was  a  delay  nf  approxirru  teJy  100  p  sec 
between  flashes.  At  the  end  of  this  delay  the  No.  2  flash  U2iit  is  activated 
which  produces  the  exposure  on  the  No-  2  camera. 

A  Tektronix  model  551  oscilloscope  is  used  to  se^  the  time  delays 
initially  and  on  each  test  the  time  interval  between  exposures  is  photographed 
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with  an  oscilloscope  camera.  The  "synchronous"  pulse  starts  the  sweep 
of  the  oscilloscope  and  the  output  from  each  delay  circuit  then  j.roduces 
a  pulse  on  the  cathode  ray  tube. 

During  a  typical  "run"  all  camera  shutters  arc  set  for  one  second 
and  ambient  room  illumination  on  the  translucent  screen  is  reduced  tu  a 
level  that  does  not  fog  the  film.  Ail  shutters  are  opened  simultaneously 
with  solenoids  and  the  quick  opening  valve  ii,  then  operated  approximataiy 
1/2  second  later  The  quick  opening  valve  operates  the  trigger  switch 
which  starts  the  sequence  described  above.  At  the  end  of  one  second  all 
camera  shutters  are  closed,  the  system  is  turned  off,  and  the  Polaroid 
film  is  then  inspected  for  results. 

The  triggering  switch  consists  of  two  leaves  of  brass  shim  stock, 
insulated  from  each  other  as  shown  in  Pig  1  5.  The  switch  is  placed 
between  the  cam-follower  stop  and  the  valve  base  when  the  valve  is  i.ii 
the  cocked  position.  When  the  cam  is  rotated,  the  cam  follower  and  cam- 
follower  stop  drop,  forcing  the  two  brass  leaves  into  contact,  thereby 
completing  the  electrical  triggering  circuit.  Figure  15  shows  the  valve 
in  the  cocked  position  with  the  switch  mounted  between  the  cam-follower 
stop  and  valve  base. 

5.  4  Model 


The  test  model  upon  which  erosion  effects  are  measured  consists 
of  a  hollow  transparent  tube  with  the  downstream  end  closed  by  the  target 
material.  This  tube  can  be  either  rectangular  or  circular  in  cross  sec¬ 
tion.  Aerodynamically,  the  upstream  or  open  end  of  the  tube  appe:  rs  to 
be  closed  since  the  air  within  the  tube  is  at  stagnation  conditions  Thus 
water  drops  must  traverse  the  dead-air  or  stagnation  region  in  th.3  tube 
before  they  can  impact  on  the  target.  The  separated  flow  region  produced 
by  spike  tipped  bodies  is  thereby  simulated  in  this  mann-j 

5.  5  Check  Out  of  Equipment  a  nd  Preliminary  Study  of 
Jet  Behavior  in  Partial  Vacuums 

In  order  to  check  out  the  photographic  and  water  injection  systems 
and  at  the  same  time  study  the  beliavior  of  high  speed  water  jets  in  low 
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density  air  (on  the  order  of  1-1/2  psi  which  approximates  the  static 
pressure  in  a  Mach  2  wind  tunnel  at  a  stagnation  pressure  of  1  ain.os- 
phere),  a  4-fQot  length  of  4-inch  i.d.  pyrex  tubing  was  placed  in  front 
of  the  water  injection  nozzle  and  partially  evacuated  (see  Fig.  16), 

Thin  brass  stock  (0.001  to  0.003  inches  thick)  was  selected  as  the 
target  since  drop  impacts  would  produce  permanent  dents  in  this  ma¬ 
terial.  The  photographic  system  previously  described  was  Set  up  to 
record  the  water  injection  process  and  to  provide  jet  velocity  measure¬ 
ments. 

Several  tests  were  made  to  determine  the  erosion  effect  of  the 
high  speed  water.  Severe  damage  was  noted  to  nearly  all  samples 
ranging  from  denting  of  the  surface  to  complete  shredding  of  the  sample. 
Water  velocityi  as  measured  by  the  phi>i.ographic  systenii  was  found  to 
be  about  1>000  ft  per  second  for  a  12,000  psi  supply  pressure  (distance 
from  the  nozzle  to  the  point  photographed  was  approximately  2  feet), 
Runs  at  supplv  pressures  up  to  30,000  psi  were  successfully  made  but 
no  velocity  data  on  these  runs  was  obtained. 

Much  valuable  information  was  gained  from  these  tests.  From 
an  examination  of  the  target  samples  it  was  immediately  apparent  that 
large  quantities  of  water  drops  were  produced  at  distances  from  the 
nozzle  on  the  order  of  2  to  3  feet.  These  drops  produced  dents  in  the 
target  material  (0.003  inch  thick  brass  shim  stock)  that  were  on  the 
order  of  0.05  inches  in  diameter.  It  also  was  noted  that  the  drops  ap¬ 
peared  to  be  formed  in  an  annular  region  about  a  central  solid  jet  (see 
Fig.  17),  as  evidenced  by  the  fact  that  the  target  was  punctured  on  the 
jet  center  line.  Thus  a  damage  pattern  of  the  form  shown  in  Fig.  17(a) 
was  produced.  This  agreed  with  the  data  giver,  in  Ref.  34,  In  order 
to  obtain  information  on  the  damage  produced  by  water  drop  impacts 
rather  than  jet  iinpacL  it  became  necessary  to  position  ttie  target  off  the 
jet  axis  so  that  only  water  drops  impacted  the  target  material  (see  Fig. 
18).  For  this  reason  a  moderately  thick  piece  of  brass  with  a  circular 
aperture  was  placed  before  the  target  to  prevent  its  destruction  by  the 
solid  portion  of  the  water  stream. 
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Of  considerable  interest  was  the  fact  that  jet  breakup  was  in¬ 
creased  by  changing  the  ambient  pressure  from  atmospheric  to  partial 
vacuum  (80  mm  of  mercury).  At  this  time  the  only  reason  suggested 
for  this  jet  behavior  is  the  possibility  that  dissolved  air  escapes  from 
tlie  jetj  at  the  low  ambient  pressure,  and  thereby  accelerates  the  jet 
breakup  process, 

Because  of  the  convenience  of  this  Pyrex  tube,  i.  e. ,  transparent 
sides  for  photographing  the  high  speed  water,  easy  access  to  target  and 
water  nozzle,  it  is  anticipated  that  further  tests  will  be  made  in  tnis 
device.  It  appears  to  be  particularly  well  suited  for  checking  out  sys¬ 
tem  components  and  for  material  testing  studies  prior  to  installation 
in  the  MITHRAS  erosion  simulator. 
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6.  SYSTEM  TESTS  AT  GAS  TURBINE  LABORATORY 
(Massachusetts  Institute  of  Technology) 

During  the  period  of  September  7  through  September  18i  1962, 
tests  were  conducted  at  the  Gas  Turbine  Laboratory  (GTL)  of  the 
Massachusetts  Institute  of  Technology  (MIT).  The  MITHRAS  water 
injection  system,  drop-breakup  jdel  and  the  MITHRAS  velocity 
measuring  photographic  system  were  installed  in  the  Mach  2  GTL 
supersonic  facility. 

The  availability  of  this  Mach  2  wind  tunnel  at  the  GTL  presented 
the  opportunity  both  for  immediate  testing  of  the  water  injection  system 
and  also  of  an  early  determination  of  the  feasibility  of  the  proposed 
MITHRAS  solution  to  the  rain  erosion  problem.  It  was  anticipated  that 
such  tests  could  provide  immediate  preliminary  data  and  experience 
which  would  be  of  great  value  in  further  tests  to  be  conducted  in  the 
MITHRAS  blowdow'n  "erosion  simulator." 

The  GTL  tunnel  is  a  continuous  circuit  vertical  tunnel  designed 
to  operate  in  the  low  supersonic  flow  regime.  The  test  section  is 
located  in  the  "up"  leg  of  the  tunnel  and  measures  8  inches  by  8  inches 
(see  Fig.  19)'  The  nozzle  blocks  used  in  these  tests  provide  Mach  2 
flow  over  a  range  of  stagnation  pressures  and  temperatures.  The  wind 
tunnel  walls,  from  the  stilling  section  to  the  downstream  end  of  rhe  test 
section,  are  formed  by  flat  doors  on  either  side  of  the  tunnel.  The 
doors  used  in  this  test  were  made  of  flat  pyrex  glass  so  that  it  w'as  nos- 
sible  to  photograph  through  the  tunnel  over  the  entire  region  from  the 
stilling  section  to  the  diffuser  (see  Fig.  .20),  Use  of  these  glass  dcors 
was  most  advantageous  since  it  permitted  the  injected  water  to  be 
photographed  from  the  point  of  injection,  near  the  wind  tumisl  throat, 
to  the  point  of  impacting  on  the  model  target,  at  the  aft  end  of  the  test 
section. 

Figure  21  shows  the  GTL  tunnel  with  opened  door.  The  sleeved 
model  and  injection  nozzle  are  visible  in  the  tunnel.  The  water  injection 
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system  is  seen  to  the  left  of  the  tunnel  with  the  nitrogen  supply  bottles 
{which  were  not  used)  next  to  the  watei’  pumping  system.  Just  -c  tne 
left  of  the  nitrogen  bottles  are  located  the  time  delay  and  triggering 
equipment  and  the  oscilloscope  and  camera  used  to  display  the  electronic 
timing  signals. 

6.  1  Water  Injection  System 

The  water  injection  system  used  in  the  GTL  teste  is  the  same 
system  that  will  be  used  in  the  MITHRAS  erosion  simulator.  Nitrogen 
gas  was  not  used  during  the  GTL  tests  because; 

1.  The  photographic  equipment  did  not  require  long  run 
times. 

Z.  Visible  target  damage  was  obtained  v/ithout  the  em¬ 
ployment  of  the  pressurized  gas. 

3.  It  was  desired  to  keep  the  amount  of  water  introduced 
into  the  GTL  tunnel  to  a  minimum,  both  to  minimize 
its  effect  on  the  tunnel  compressor  and  to  keep  as  much 
water  as  possible  off  the  pyrex  doors  so  that  photography 
would  not  be  hampered. 

4,  Time  limitations  made  it  advisable  to  coAcsntrate  on 
other  more  important  phases  of  the  test  program. 

The  water  injection  system  was  mounted  on  a  Steel  bench  and 
access  into  the  tunnel  was  made  through  a  hole  provided. 

The  nozzle  support  arrangement  is  illustrated  in  Fig.  'LZ.  Three 
configurations  were  provided  so  that  the  nozzle  exit  location  could  b‘s 
varied.  A  coupling  employing  either  a  6"  or  4"  nipple  could  be  inserted 
between  the  nozzle  and  the  tee  connector  for  2  configuratioai  while  the 
nozzle  could  be  coupled  directly  to  the  tee  connector  for  tlif:  third  con¬ 
figuration.  By  using  these  three  different  configu rations,  the  nozzle  exit 
location  could  be  varied  over  a  distance  of  nearly  ?  inches  This  varia¬ 
tion  was  provided  because  of  the  total  lack  of  information  on  jet  breakup 
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under  the  conditions  which  were  to  be  run.  Photographs  of  the  three 
configurations  are  shown  in  Figs.  Z3,  24,  and  25. 

6.  2  Water  Injection  Nozzles 

It  was  intended  that  three  different  water  injection  nozzle-s  would 
be  tested.  Because  of  time  limitations  orly  tv.o  nozzles  were  actually 
tried. 

The  three  nozzles  were  constructed  in  identical  fashion.  A  five 
inch  length  of  l/4"  x  0.083"  stainless  steel  tubing  was  silver-soldered 
into  a  10-1/2  inch  length  of  9/16"  x  3/16"  stainless  steel  tubing  and  the 
plug  containing  the  nozzle  contour  was  then  silver- soldered  into  the  tip 
of  the  smaller  tube  (see  Fig,  26).  Th.u  chree  nozzle  contours  are  shown 
in  Fig.  26.  The  first  five  test  runs  were  made  with  nozzle  No.  2  at 
which  time  it  was  noted  that  the  plug  containing  the  nozzle  contour  had 
been  blown  from  the  nozzle.  Reference  to  the  photographs  of  the  previous 
runs  indicated  that  the  nozzle  plug  was  lost  during  the  third  test  run.  For 
the  remainder  of  the  test  schedule)  nozzle  No.  1  was  employed. 

6.  3  Model 

The  wind  tunnel  model  was  designed  so  that  the  effectiveness  of  a 
flow  separation  region  in  breaking  up  water  drops  could  be  determined. 
For  this  purpose)  the  model  illustrated  in  Fig.  27  was  built.  The  target 
support  and  sleeve  support  were  mounted  on  the  GTL  sting  which  is 
permanently  mounted  in  the  aft  end  of  the  test  section  and  is  capable  of 
axial  variation  of  position.  A  target  (thin  sheets  of  brass))  an  aperture 
(to  confine  erosion  to  a  small  area  of  the  target),  and  a  retaining  r.ug 
are  fastened  to  the  target  support  as  shown  in  Fig.  27.  A  1-3/4"  o.  d. 
jd  1-1/2"  i.d.  plexiglass  sleeve  can  be  mounted  to  provide  r  still  air 
region  in  front  of  the  target  as  shown  in  Fig.  28.  This  dead  air  region 
thus  simulates  the  separated  flow  region  which  is  produced  by  a  spike 
mounted  in  front  of  a  radome  in  supersonic  flow.  Several  tube  lengths 
were  available  but  most  runs  employing  the  sleeve  were  made  with  a 
sleeve  that  extended  six  inches  upstream  from  the  target.  Calculations 
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indicated  that  this  sleeve  length  was  sufficient  to  induce  water  drop 
breakup  (see  Appendix  A). 

During  some  runs  clay  was  used  to  back  the  target  to  provide 
support.  This  was  done  to  prevent  target  rupturing  during  wind  tunnel 
starting.  Some  unbacked  targets  were  lost  during  wind  tunnel  starting. 
The  clay  backing>  because  of  its  plaaticityi  did  not  impair  target 
indentation  upon  water  drop  impact  and  p’-oved  quite  satisfactory  as  a 
backing  material. 

An  exploded  view  of  the  model  is  provided  in  Fig.  29  and  Figs. 
23i  24i  and  25  show  the  model  installed  in  the  GTL  tunnel.  In  Fig,  23 
the  model  is  located  in  the  extreme  downstream  position  while  in 
Fig.  24  the  model  is  mounted  in  the  extreme  upstream  position. 

6.  4  Photographic  System 

The  photographic  system  used  in  the  GTL  tests  was  identical  to 
the  one  previously  described  in  section  6-  3.  However  the  cameras  and 
light  sources  used  in  the  GTL  tests  were  arranged  side  by  side  rather 
than  in  a  vertical  plane  since  the  GTL  tunnel  test  section  is  vertical 
(see  Fig.  20). 

The  photographic  system  was  used  to  determine  the  velocity  of 
the  injected  water  in  the  GTL  tunnel.  Although  the  system  was  not 
designed  for  the  purpose  of  resolving  water  drops,  the  test  photograph  • 
were  examined  in  an  attempt  to  locate  individual  water  drops.  These 
attempts  were,  unfortunately,  unsuccessful. 

It  was  only  after  the  MIT  tests  were  completed  that  equipment 
for  calibrating  the  photographic  light  sources  became  available.  It  was 
hoped  that  these  light  sources  would  have  a  1  micro-second  flash  Jura¬ 
tion.  At  water  velocities  of  1682  ft  per  sec,  the  displacemwit  during 
the  flash  duration  would  be  0.02  inches.  Figure  30  shows  the  result  of 
the  light  source  calibration.  In  part  (a)  the  oscilloscope  trace  of  the 
light  source  output  is  shown.  The  time  scale  is  5|i  seconds  per  large 
division.  It  can  readily  be  seen  that  the  pulse  duration  is  on  the  order 
of  10  p.  seconds  which  produces  a  displacement  of  0.2  inches  during  the 
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flash  duration.  This  produces  blurring  as  evidenced  in  part  (b)  of  Fig. 

30  which  is  a  photograph  of  a  bullet  travelling  at  approximately  1145  ft 
per  sec  taken  with  the  photographic  system  used  during  the  GTL  tests. 

With  such  a  long  flash  duration  there  can  be  no  hope  of  discerning 
individual  drops  which  are  travelling  at  an  appreciable  velocity  and  it  is 
therefore  not  surprising  that  individual  water  drops  were  not  detected  in 
the  test  photographs. 

6.  5  Run  Schedule 

The  pre-run  schedule  for  the  wind  tunnel  program  at  MIT  included 
provisions  for 

1}  testing  the  three  different  iv'y /le  configurations  for 

a)  formation  of  drops 

b)  drop  velocity 

Z)  determining  jet  breakup  distance 

3)  determining  the  effect  of  static  air  density  on  the 
drop  breakup  distance)  and 

4)  determining  the  feasibility  of  flow  separating  devices 
for  protecting  radomes  from  rain  erosion 

Because  of  various  difficulties  encountered  during  tliis  first  program, 
only  the  fourth  objective  was  attained.  This  objective,  however,  was  by 
far  the  most  important. 

In  the  original  run  schedule,  four  full  days  of  run  time  were 
allocated  for  testing.  Actual  testing  time,  however,  amounted  to 
approximately  one  day. 

Table  2  contains  a  summary  of  the  test  runs  that  were  conducted 
at  the  GTL  facility. 

The  test  procedure  used  was  identical  to  that  described  in  sections 
5.2  and  5.3  and  proved  quite  satisfactory. 

41  MC-oi-b-Rl 


CONFIDENTIAL 


CONFIDENTIAL 


S  a 


l&sl 

•  0  si 

i 

9«SS 

■  ’k“ 


3j;HS 

3  !<  I?! 


t5<-| 


M  b  ■  a 

T  S  ^  " 

^  *•  ?y 

SJi  \  s 

2w 

0  *3  5 
2  “Z 

iiil 

£  i 

i<  ti  4  ? 

E  tfS 

Hi  b| 
2-5  5 
2*^5  S 

.5  S  c  « 
i3  ■  J.« 


§0 

K2 


_  £ 


W  t  «*  M 


3  3  2' 


i 

S  b 


4  S 

s  » 

«l 

2 

B  S 

4 


.?  3 
3  5 


t  2 

V  ,« 


?  e 

•  I 


3  . 

^  =* 


I?: 

E  2 


5  ;l 


/.  £ 
^  <• 

;  tfi 


^  ^  j:  A 

S  5  J 

?  ?  «  2*3 


?  s 

Si 


M 


4  S 


i  Ti 


■£  £  2  ^  • 

^  -n 

a  -  ^  !  J 

Z  (/^  (A  /  «*. 


£  ^  ^  *  U 

.<  V  .9  t  4 

w  ,  (/>  £ 


3  5c  5 : 

i-  i  at 

Uk  ■2  ^  U 

S  ”  ”  f 

iv  ?  2- 

C  g  U 

-4  •  S3 


6  1  ^. ' 
««  ,  X  * 


B «  at 

=S 


K  Z  iS  Z  ?. 


o  V  a  8  t*  ^ 

Z  ^  Z  2  >»  > 


H  H  >•  ^ 


>•  >  ^ 


>  >*. 


5  ^  T.  5  <  ?: 

m  ••  M  ^  M 


•  a  «^  C«s8>e(a« 


«  m  «4 


o  o  C9  o  e  o  e 
c>  o  e  c  a  Q  o 
o  o  d  fi  a  o  o 


e  o  e  e  o  b 

e  a  o  o  o  o 

o  o  Q  o  &  o 


'A  o  o  o  o  <o 


o  e  a  o 


OOOOOOO  006Q 


o  o  o  o  e  o 


e  o  u  o  c 


o  &  c  o 


e  o  o  o  o 
c  o  o  o 


^•04^^00  ooO'O'O’Oooao 


o  o  o  o  o  o  o 

»  Q  o  o  o  o  a  a 

M  /si  fst  ^  N  N  N 


I  >fl  >0  o  «  r  V  e 

•>  •>:  m  Ml  N  m 


o  o  a  a  a 

a  o  a  a  o 

(SJ  N  N  »4  *■! 


2  a 


aooooaeoo 
oe  ir^i/Vi/sa<AF« 


995?&?9  9P9  eoQ 


o  o  o  o 


o  a  a  a  Q  e  c 
*  aooacToo* 


n  9f  «A  a  N 


o  a  n  n 


a  8  a  o  o  o 


0800  oaeoooa 


S  3 


o  o  e  o  o 


o  o  o  o  a 
o  o*  a  a*  o' 


s  s  s 


MNMNNisiNtsIN 


NM«<4N|S4riNNN 


4Z 


MC-61  6.R1 


confidential 


CONFIDENTIAL 


6.  6  Data  Obtained 


The  data  obtained  in  the  GTL  tests  consisted  o£  photographs 
of  the  injected  water  stream  and  the  brfss  target  samples  used  during 
each  run. 

The  photographs  of  the  injected  water  were  similar  to  Firs,  31 
and  33.  Howeveri  in  many  cascSi  primarily  during  the  earlier  runsi 
no  discontinuities  in  the  jet  were  presenti  and  velocity  measurements 
were  therefore  not  possible.  Figures  32  and  34  arc  typical  of  the  timing 
mark  photographs  that  were  taken  of  the  oscilloscope.  These  photo¬ 
graphs  are  used  to  determine  the  time  interval  between  photographs. 

In  Figs.  31  and  33i  the  distance  traversed  by  the  water  jet 
between  photographs  was  obtained  by  measuring  the  distance  moved  by 
the  discontinuities  from  some  convenient  reference  point,  either  the  tip 
of  the  water  injection  nozzle  or  the  upstream  end  of  the  plexiglass  sleeve 
on  the  model.  The  magnification  of  each  photograph  was  determined  by 
measuring  some  Imown  distance,  either  the  sleeve  diameter  (1.75  inches) 
or  the  diameter  of  the  tip  of  the  water  injection  nozzle  (0.25  inches).  The 
result  of  these  velocity  measurements  is  shown  in  Fig.  35.  As  is  evi¬ 
dent  from  Fig.  3  5,  scatter  in  the  data  points  is  appreciable.  This  is 
primarily  caused  by: 

1)  poorly  defined  edges  of  the  discontinuities 

2)  errors  in  determining  the  magnification  of  the  photo¬ 
graphs  because  of  measurement  inaccuracies 

3)  inaccuracies  in  measuring  displacements  of  the  jet 
discontinuities 


The  time  interval  measurements  are  expected  to  be  much  more  accurate 
than  the  distance  measurements. 

Figures  36,  37,  38.  and  39  arc  typical  photographs  of  the  brass 
targets  retrieved  after  the  test  runs.  Figure  36  shows  the  ..esults  ob¬ 
tained  without  the  flow  separating  sleeve.  The  severe  denting  of  the 
targets  is  quite  evident. 
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In  Figures  37i  38,  and  39*  the  efiect  of  the  plexiglass  sleeve  is 
clearly  shown.  While  some  denting  is  present  in  the  sleeved  t9.r;t'its  of 
Figs.  37  and  38,  the  severity  of  damage  is  less  than  in  the  unprotected 
targets.  The  sleeved  target  of  Fig.  39*  on  the  other  hand,  shows  n"- 
damage  at  all  while  the  unprotected  target  is  severely  damaged.  Tb  ^ 
third  target  sample  in  Fig.  39  was  u3i>d  to  determine  the  effect  of 
small  solid  debris  in  the  wind  tunnel.  As  can  be  seen,  the  effect  of  such 
particles  is  quite  minor. 

Figure  40  is  a  photograph  of  a  sample  target  that  was  used  during 
the  equipment  checkout  in  the  pyrex  tube  described  in  section  5.5.  Figure 
40  is  included  for  comparison  with  Figs  36  to  39  The  damage  to  this 
target  was  identical  in  nature  to  that  of  the  targets  used  in  the  GTL  tests 
except  that  the  indentations  were  slightly  larger  than  those  in  the  GTL 
targets.  This  has  been  taken  to  indicate  that  the  drops  in  the  GTL  tests 
were  slightly  smaller  than  the  drops  produced  during  the  equipment 
checkout. 

It  must  be  appreciated  that  photographs  of  the  target  samples 
lose  considerable  information  from  that  obtainable  with  the  original  tar¬ 
gets,  however  they  do  indicate  the  type  and  intensity  of  damage  produced 
and  also  the  effect  of  the  flow  separating  sleeve. 

6.  7  Results  of  Testa  at  the  Gas  Turbine  Laboratory 

These  preliminary  and  exploratory  tests  conducted  at  MIT's 
Gas  Turbine  Laboratory  have  led  to  the  following  results: 

1.  Drop  formation  from  a  jet  of  water  which  is 
traveling  at  supersonic  velocity  -.vith  respect 
to  the  ambient  air  takes  place  within  Z  ft  of  the 
injection  point  at  M  =  E,  =  14. 7  psi,  T^.  =  SCO”!' 

2.  Determination  of  water  velocity  by  photographic 
means  is  feasible.  Repeatability  of  the  photo- 
graphic  system  when  triggered  by  the  valvr, 
driven  switch  is  excellent. 
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3.  Use  of  thin  sheeta  of  brass  as  target  materials 

to  record  drop  impacts  proved  fairly  reliable  and 
provides  permanent  records  of  the  water  drop 
distribution  and  density. 

4,  Use  of  a  dead -air  region  in  front  of  the  targeti 
in  general,  reduced  target  damage,  Protection 
ranged  from  fair  to  excellent. 

The  experience  gained  at  the  GTLi  facility  indicates  that  the  use 
of  a  closed-circuit  erosion  simulator  may  be  undesirable  because  con¬ 
densed  water  vapor  in  the  tunnel  air  and  water  droplets  on  the  windows 
can  render  photography  impossible.  In  addition,  some  ditliculty  with 
the  tunnel  compressor  was  noted  during  and  immediately  after  water  in¬ 
jection.  The  open-circuit  design  of  the  MITHRAS  erosion  simulator  is 
thus  seen  to  be  advantageous. 

The  long  flash  duration  of  the  camera  light  sources  used  during 
these  tests  made  it  impossible  to  distinguish  individual  water  drops  on 
any  of  the  photographs  that  were  taken. 

The  photographs  of  the  injected  water  that  were  taken  during  the 
early  part  of  the  injection  process  clearly  show  that  a  continuous  jet  is 
not  produced  initially.  Rather  a  series  of  slugs  of  water  are  ejected. 

The  reason  for  this  is  no  doubt  found  in  the  dynamics  of  the  injection 
System  when  subjected  to  the  sudden  application  of  a  step  change  in  water 
velocity  or  water  pressure.  The  combined  transients  in  the  injection 
system  and  the  liquid  most  likely  produce  the  pulsations  evident  in  the  jet. 
At  a  later  time  in  the  ejection  process  these  oscillations  no  longer  appear, 
as  evidently  the  transients  have  damped  out, 

A  close  look  at  Fig.  31  indicates  that  the  water  velocity  decreases 
with  increasing  distance  from  the  water  nozzle.  Since  the  .a>stroam  is  at 
a  velocity  somewhat  higher  than  that  of  the  jet  it  would  appear  at  first 
glance  that  the  airstream  would  tend  to  accelerate  the  water.  The  reason 
for  the  deceleration  of  the  jet  is  not  certain  although  it  has  been  proposed 
that  the  low  velocity  wake  produced  by  the  water  injection  nozzle  and 
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associated  hardware  may  be  interacting  with  the  injected  water  in  such 
a  manner  as  to  produce  a  deceleration  of  the  jet.  Thisi  however,  re¬ 
mains  to  be  proven. 

The  measured  jet  velocities  as  shown  in  Fig.  35  are  some  two 
to  six  hundred  feet  per  second  below  the  design  velocity,  depending 
upon  the  distance  of  the  jet  from  the  injection  nozzle.  The  expected 
pressure  losses  in  the  system  (as  given  i'l  Appendix  B)  amount  to  some 
3200  psi,  which,  when  subtracted  from  a  21,000  psi  supply  pressure 
still  should  provide  a  velocity  in  excess  of  1600  feet  per  second.  Figure 
3  5  indicates  that  the  exit  velocity  may  be  somewhat  leso  than  the  design 
velocity.  This  is  quite  possible  in  view  of  the  rough  character  of  the 
pressure  loss  calculations  and  also  because  erosion  of  valve  and  nozzle 
orifices  may  have  significantly  increased  their  friction  coefficients.  It 
should  be  noted  that  during  repair  of  the  quick-opening  valve  quite  severe 
pitting  of  the  valve  stem  was  observed,  necessitating  the  replacement  of 
this  part.  The  pits  on  this  piece  were  estimated  to  be  on  the  order  of 
1  mil  deep.  Roughness  of  this  magnitude  throughout  the  system  could 
increase  the  system  pressure  losses  to  as  much  as  12,000  psi  which  cor¬ 
responds  to  a  jet  velocity  of  1150  feet  per  second. 

6.  8  Recommendations  for  Future  Experiments 

While  the  MIT  tests  have  indicated  that  radome  protection  from, 
rain  erosion  is  afforded  by  the  use  of  flow  separation  devices,  many 
questions  still  remain  to  be  answered.  At  the  present  time  the  validity 
of  the  drop  breakup  equation  has  not  been  experimentally  substantiati  d. 

No  attempt  was  made  during  the  MIT  tests  to  study  the  effect  of  varying 
the  stagnation  pres-sure  of  the  supersonic  airstream  and  consequent.. y 
the  variation  of  drop  breakup  distance  with  this  parameter  was  not 
observed.  It  must  be  noted,  in  fact,  that  the  drop  breakup  listance,  for 
the  test  conditions,  was  never  determined.  This  was  caused  by  the 
short  period  of  time  available  for  testing  and  inadequate  resolution  capa¬ 
bility  of  the  photographic  system.  Therefore,  one  of  the  prime  objects 
of  future  testing  will  be  the  experimental  study  of  the  drop  breakup 
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equation,  for  without  experimental  substantiation  of  this  relation,  the 
design  of  erosion  reducing  flow  separation  spikes  by  the  use  of  Sils 
equation  is  a  questionable  procedure. 

While  the  brass  targets  retrieved  from  the  model  showed  that 
protection  against  erosion  was  afforded  by  use  of  the  plexiglass  sleeve, 
complete  protection  was  not  obtained  in  all  cases  as  evidenced  by 
Figs.  37  and  38.  It  will  therefore  be  necessary  in  future  tests  to 
determine  what  conditions  are  necessary  to  produce  total  protection. 

In  particular,  the  effect  of  varying  sleeve  length  will  be  closely 
examined. 

The  target  material  in  the  tests  conducted  was  chosen  to  be 
brass  shim  stock  because  of  the  ability  of  this  material  to  retain  the  in¬ 
dentations  produced  by  the  impacting  water  drops  and  thereby  leave  a 
permanent  record  of  the  water  drop  distribution.  The  effect  of  the 
water  drop  impact  on  typical  radome  materials,  both  with  and  without 
the  plexiglass  sleeve,  at  present  cannot  be  inferred  from  the  damage  to 
the  brass  material.  Samples  of  radome  materials  will  be  used  as  tar¬ 
gets  in  future  tests.  It  may  then  be  possible  to  relate  the  observed 
damage  of  the  brass  material  to  tliat  of  the  radome  material. 

The  characteristics  of  the  water  jet  and  drop  behavior  in  the 
supersonic  airstream  still  remain  to  be  investigated.  Of  particular 
interest  will  be  the  effect  of  nozzle  geometry,  injection  velocity,  and 
ambient  conditions  on  jet  breakup  distance,  drop  size,  and  the  cr:>ss 
sectional  distribution  of  the  water  drops  in  the  water  stream. 

In  order  to  obtain  photographs  of  individual  drops  in  future  losts 
the  photographic  light  sources  will  have  their  storage  capacitors 
changed  from  ’.pfd  to  O.ESpfd  which  bi-ings  the  flash  duration  down 
.i'rom  10  microseconds  to  nearly  1  microsecond.  This  should  allow  the 
photographing  of  individual  drops.  The  reduction  in  light  _'>fcrgy 
caused  by  this  change  will  be  compensated  for  by  the  use  of  a  lower 
f-number,  i.e. ,  larger  lens  aperture,  on  the  cameras.  During  the  GTL 
tests  the  cameras  were  operated  at  an  f-number  of  f/32  It  is  estimated 
that,  with  the  new  capacitors,  it  will  be  necessary  to  operate  at  f/8, 
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Because  of  th*;  difficulty  experienced  in  obtaining  accurate 
reference  dimensions  for  scaling  the  measurements  obta  .ned  frorr.  vhe 
photographsi  future  tests  v/ill  employ  reference  marker f  located  along 
the  axis  of  the  air  channel  to  facilitate  measurements  from  the  photo¬ 
graphs.  In  addition)  the  time  interval  between  photographs  will  be  in¬ 
creased. 

No  major  changes  in  the  30|000  psi  wii.-ir  injection  system  are 
contemplated  since  the  performance  of  this  system  appeared  to  be  quite 
satisfactory.  Prior  to  future  tests,  it  will  be  necessary  to  inspect  all 
critical  orifices  in  the  water  flow  path  to  insure  that  excessive  rough¬ 
ness  is  not  present.  This  should  increase  the  velocity  of  the  injected 
water  by  approximately  two  hundred  feet  per  second.  The  uasic  teat 
model  configuration  used  during  this  program  will  also  be  retained 
except  that  a  variety  of  materials  will  be  tested. 
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7.  CONCLUSIONS 

This  report  ha?  covered  research  accomplished  during  the  first 
year  of  a  two-year  program.  A  first  round  of  tests  has  established  the 
feasibility  of  the  rain  erosion  control  method  proposed  by  MITHRAS 
Protection  ranging  from  fair  to  excellent  can  be  achieved.  A  large  por¬ 
tion  of  the  erosion  simulator  with  its  associated  equipment  has  been 
constructed. 

During  the  forthcoming  year  the  erosion  simulator  will  be  com¬ 
pleted  with  faster  photographic  equipment  and  an  intensive  test  program 
will  be  conducted.  Meanwhile  additional  tests  in  the  large  pyrex  tube 
described  in  this  report  will  also  be  conducted.  These  tests  will  cover 
the  fundamental  aspects  of  drop  breakup  and  materials  testing. 

The  research  program  for  the  new  year  will  provide  a  firm  basis 
for  the  intelligent  design  of  spiked  radomes  that  are  relatively  safe  from 
the  effects  of  high  speed  flight  through  rain. 
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Figure  1. 


1000 

DROP  DIAMETER  (MICRONS) 

Critical  velocity  of.  water  drops. 
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C<2.)  INimL  D^P  C^0S5  SECTION 


Ate 

sreeAM 


StfiGMATIOtJ 


(b)  peop  ceoss  section  AFree  being  blov/a/  up 

Figare  3.  Drop  cross  section  during  "Blowing -Out''  type 
of  breakup. 
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STffEfiM 


Figure  4 


1 


Drop  cross  section  during  shattering 
with  "  Blowing -Out"  type  of  breakup. 
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SmCNfiTiOf^ 


}h/m/^L  oeof^  o^oss  section 


(b\  PJ^p  c^ss  secnohi  om^iNC'  sne/pp/^c  ficr/osJ 


Figure  B.  Drop  crosB  section  during  "Stripping’’ 
type  of  breakup. 
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Figure  6.  Drop  geometry  for  "Stripping” 
type  of  breakup. 
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F  Raindrop  breakup  in  a  sepc^rated  flow  regime. 
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Fig  li-e  10.  SclK-Tmatic  diagram  of  watej-  pumping  system. 
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Figure  11.  Pressure  drop  versus  volume  change 
for  water-filled  accumulator 
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Figure  15.  Electronic  triggering  switch  on  quick 
opening  valve. 
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Fignre  16.  E..'«uipment  used  in  checkout  of  hydraulic  and  ^otographic  systems. 
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Fiuure  17.  Jet  cross  section. 
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Figure  18.  Target-aperture  jet  geometry. 
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Figure  19.  Tunnel  circuit  of  Gas  Turbine  Laboratory. 
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Figure  .20.  View  of  Gas  Turbine  Laboratory  tunnel  with 

photographic  system  in  position  and  doors  closed. 
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Figure  21.  View  of  Ga  3  Turbine  Laboratory  tunnel  and  test  equipment. 
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Sdi 

Figure  23.  View  of  modeli  with  sleeve,  in  extreme 
downstream  position  and  water  nozzle  in 
extreme  downstream  position. 
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Figure  24.  View  of  modeli  with  sleevej  in  extreme 
upstream  position  and  water  nozzle  in 
mid -position. 
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Figure  25.  View  of  modeli  without  sleeve,  in  extreme 
downstream  position  and  water  nozzle  in 
extreme  upstream  position, 
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TlJA/fJ£L  srwG 

5L£e\/€  SL/PPq^r 


SUPPQJ^r 

APEjeruf^ 

e£rpif^w£i 

CAP  SCREWS 


•54£^<f 


Figure  27.  Model  used  at  Gas  Turbine  Laborato 
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Figure  28.  Model  configuration  in  the  Gas 
Turbine  Laboratory. 
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CONFiDENTIAL 


(a)  time  history  ot  light  pulse 


Scale;  5  ps  per 
large  division 


(b)  photograph  of  22-cal.  bullet  traveling 
at  1145  ft/sec  showing  blurring  of 
image 


Figure  30.  Calibration  of  flash  duration. 
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Figure  BI.  Run  31:  Photographs  of  ejected  water. 
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First 

light 

fired 


valve 

opened 


Scnie:  1  lua  per 
large 
d'viaion 


Scale:  10  ps  per 
large 
division 


(b)  time  between  first  and  second 
photographs 


Figure  32.  Run  31:  Timing  Marks. 
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Run  37:  Photographs  of  ejected  water. 
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Firit 


v^ve 

opened 


{a)  time  to  first  photograph 


Seale':  1  ma  per 
large 
division 


(b)  tiilie  to  SeCOlid  piiulograph 


Figure  34.  Run  37:  Timing  Marks. 
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{a)  Runs  22  and  23 


(b)  Runs  3  5  and  3  6 


Figure  36.  Photographs  of  brass  targets  after 
drop  impact  without  sleeve. 


89 


MC-61-6-RI 


CONFIDENTIAL 


CONFIDENTIAI. 


Runs  lOt  lit  and  12  Runs  13i  14.  and  15 

(without  sleeve)  (with  sleeve) 

Figure  37.  Photographs  of  brass  targets 
after  drop  impact  with  and 
without  sleeve. 
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Runs,  19.  20,  and  Runs  16,  17,  and 

21  (without  slee\'e)  18  (with  sleeve) 


Figure  38.  Photographs  of  brass  targets 
after  drop  impact  with  and 
without  sleeve. 
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Runs  3  5  and  3  6 
(without  sleeve) 


Runs  37  and  38 
(with  sleeve) 


Run  39 
(no  waiter) 

Figure  39.  Photographs  of  brass  targets  after 
drop  impact- with  and  without 
sleeve  and  with  water  off. 
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Figure  40.  Photograph  of  brass  target 
after, dr  op  impact  d'lring 
equipment  checkout. 
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APPENDIX  A 

Determination  of  the  Sleeve  Length  for  Drop  Breakup 
in  the  MIT  Gas  Turbine  Laboratory  Tunnel 


The  drop  breakup  equation  (as  derived  by  several  methods;  is 


t|^  S  0.50 


1/2 


where 

tj^  =  drop  breakup  time  (seconds) 

=  initial  drop  diameter  (inches) 

V  =  relative  velocity  between  drop  and  gas 
(inches/second) 

=  water  drop  density 
=  gas  density 

In  predicting  the  drop  breakup  distance  we  will  take  the  gas  con¬ 
ditions  to  be  those  at  stagnation  behind  a  normal  shock  at  Mach  2.  The 
tunnel  stagnation  conditions  are  taken  as 

Pj.  =  14,  7  psia 
T^  =  530"  R 


From  Ref.  47  we  have 


Pta/Pt,  =  "^209 

Pj.^  =  0.  7209  X  14.7  =  10.6  psia 

T,.  =  T^  =  530"  R 

ta  ti 
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Pt2 


10, 6x144 
1716  X  530 


0.00168 

fr 


Pw 


62,  4 


Pa 


62.4/32,2 

0.00168 


1155 


n/~P  7p  =  34.  0 


t 


b 


D. 

0.5  -Y  34.0 


We  will  take 

D.  =  0.  0  40  inches 
1 

V  =  1682  X  12  inches/sec 


thus 


0.5  x  0.04  x  34,0 

"  168?,  X  12 

t,  =  3.37  X  lO”^  seconds 
b 

=  drop  breakup  distance 

D,  =  0.  68  inches 
b 


The  drop  breakup  equation,  as  used  here,  has  a  coefficient  of 
■0,.  50,  This  constant  has  been  reported  to  be  as  high  as  2.0  so  that  the 
drop  breakup  distance  should  lie  in  the  range 

2. 72  inches  >  D,  >  0. 68  inches 

b 


Therefore  a  sleeve  length  of  3  inches  or  more  should  be  sufficient  to 
break  up  all  drops. 
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APPENDIX  B 

Pressure  Losses  in  Water  Injection  System 

The  pressure  losses  in  smooth  straight  pipes  with  turbulent 
flow  is  given  in  Ref.  37  by 

Ap=(ipu  )  ^  ^ 

where 

Ap  =  pressure  loss  in  psi 
q  =  r7  pu  =  dynamic  pressure  in  pni 
\  =  \  (re);  Re  =  Reynolds  number  =  ^ 

A  plot  of  \  versus  Re  is  contained  in  Ref.  37 

V  =  kinematic  viscosity 
2 

From  Ref.  48i  v  s  7.53  x  10  ^ 

sec 

For  an  exit  flow  velocity  of  IfiS?,  ft/aec  through  an  0.040"  orificei 
which  are  the  conditions  at  which  tlie  water  pumping  system  is  re¬ 
quired  to  operatoi  we  can  plot  the  pressure  loss  per  foot  of  smooth  straight 
tubing  as  a  function  of  inside  tube  diameter.  This  is  done  in  Fig.  B, 

Reference  48  in  turn  provides  information  that  can  be  used  ic 
determine  the  length  of  smooth  straight  tubing  which  is  equivalent  1 1  the 
various  system  componentSi  such  as  valves*  tees*  and  elbows.  The 
following  schematic  diagram  shows  the  various  components  in  the  water 
injection  line  between  the  accumulator  and  the  water  exit  nozzle. 

Tf'hle  B-1  summarizes  the  expected  pressure  losses  for  each  of 
the  components  shown.  Thus  at  an  accumulator  pressure  of  21,000  psi 
the  exit  pressure  should  be  approximately  18,000  psi  with  a  resulting 
velocity  of  approximately  1650  ft/second. 
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TABLE  B-1. 

Item 

Pressure  Losses  in  Pumping  System 

Ecjuivalent  Length  of  Smooth  Expected  Pressure 

Straight  Tubing  (inches)  Loss  (psi) 

3/16"  tubing 

49 

at  3/16" 

196 

3/3  E"  tubing 

5.  58 

at  3/32" 

480 

orifice 

0.  205 

at  0.  040" 

1667 

3/16"  coupling 

5 

at  3/16" 

20 

3/16"  elbow 

10.  7 

at  3/16" 

43 

3/1 6"  angle  valve 

37.  5 

at  3/16" 

350 

ncr 

17  C 

^1-  1  /l  411 

ui>  ^  f  4.  V 

A  r 

•iDU 

valve 

3/I6"  tee 

6 

at  3/16" 

20 

Total 

3226 
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